. Although the antioxidative properties of the phenolic acids were considered in the numerous researches (Eshghi, Asnaashari, Haddad Khodaparast, & Hosseini, 2014; Farahmandfar, Asnaashari, & Sayyad, 2015; Thurmann & Herrmann, 1980; Yanishlieva & Marinova, 1995) , there is no kinetic research in the literature about the mechanism of gallic acid and methyl gallate.
The objective of this kinetic study was to obtain fundamental information about antioxidative behavior of gallic acid and methyl gallate at 60°C in the Rancimat test at various concentration levels (200, 400, 800, and 1,600 ppm) . Furthermore, the activity and the mechanism of these two antioxidants in the triacylglycerols of Kilka oil have been discussed.
| MATERIAL S AND ME THODS

| Materials
No added components of crude Kilka oil with distinct physicochemical properties (Table 1) were provided from Parskilka Company.
Antioxidants like gallic acid, α-tocopherol, BHT, and methyl gallate were purchased from Merck and Sigma Chemical Companies. The structural formulas of these antioxidants are shown in Figure 1 . The solvents and chemicals were as analytical reagent grade and obtained from Sigma and Merck Chemical Companies.
| Purification of the Kilka oil
Kilka oil (120 g) was purified chromatographically to eliminate natural antioxidants. Three absorbents consist of 60 g aluminum oxide 60
(activated at 200°C for 3 hr, neutral) in bottom of the column, 80 g silica gel (activated at 160°C for 3 hr, 60-200 mesh), and 2 g carbon active on the top were used in glass column (50 × 5 cm i.d.) sequentially. The collection vessels and chromatographic column were covered by aluminum foil, and the suction (without solvent) draw the oil through the column.
| Rancimat test
Methyl gallate and gallic acid at different concentration of 200, 400, 800, and 1,600 ppm and also α-tocopherol and BHT (200 ppm) were separately added to purified Kilka oil and then subjected to the 743 Rancimat apparatus from Metrohm at 60°C. Sample size and airflow rate were 3 g and 15 L/s, respectively. Electrodes, measuring vessels, connecting tubes, and glassware were cleaned before the assay.
| Determination of IP of oil samples
The oxidation stability of Kilka oil samples containing antioxidant was evaluated by the Rancimat instrument. In this technique, the tertiary products of oil oxidation, principally formic acid (C 1 ), acetic acid (C 2 ), and propionic acid (C 3 ), formed under accelerated conditions were identified by continuously measuring the water electrical conductivity over time. The Rancimat test expressed the induction period (IP) as the time before rapid deterioration of the oil occurs.
The antioxidant effects on lipid oxidation of Kilka oil are discussed by kinetic parameters: Stabilization factor (F) points to the probability of chain termination of free radicals, especially peroxide radicals. Stabilization factor (F) has determined by the following formulation:
where IP inh and IP 0 are induction period in the presence and absence of antioxidant. The oxidation rate ratio (ORR) is a quantity of strength, which could be calculated by following equation:
where W inh and W 0 are the slopes of the linear initiation stage of lipid oxidation in attendance of an antioxidant and control, respectively. Activity (A), shown as follows, is a common parameter, which simultaneously indicates the efficacy of an antioxidant in termination of the oxidation process and its capability to decline the oxidation rate during the induction period.
(1) where [inH] 0 and IP inh are the initial concentration of antioxidant (M) and the length of induction period (s), respectively (Marinova & Yanishlieva, 1992) .
| Determination of radical scavenging activity
Total antioxidant ability was determined by DPPH assay. In the methanol solution, the samples were reacted with the stable DPPH˙ radicals. After 30 min incubation period (25°C, dark situation), the absorbance of the solution was quantified (at 517 nm) by a spectrophotometer. DPPH free radical inhibition (I%) was calculated in the following way (Lima, Fernandes-Ferreira, & Pereira-Wilson, 2006) :
where A blank and A sample are the absorption of control and sample solutions, respectively. The IC 50 value, the concentration of the sample required to inhibit 50% of DPPH radical, was achieved by the linear fitted line of dose-response curve plotting between inhibition and concentrations. Antiradical power (ARP) is inverse of IC 50 , and a relative ARP is the activity of experimented compounds in relation to the strongest scavenger in which the ARP was stated as 100%.
| Statistical analysis
The obtained data were subjected to analysis of variance by SAS software. Significant differences between means were determined by Duncan's multiple range tests at the 5% probability level (p < .05).
| RE SULTS AND D ISCUSS I ON
| Scavenging effect on DPPH radicals
DPPH free radical scavenging by antioxidants is due to their hydrogen denoting ability. The dose-response plotting curve between absorbance and concentrations for the free radical scavenging capacity of BHT, α-tocopherol, methyl gallate, and gallic acid by the DPPH coloring test were presented in Figure 2 . 
| Kinetic study of gallic acid and methyl gallate in triacylglycerols of Kilka oil
Fatty acids composition of the Kilka fish oil is shown in Table 3 . This oil was predominantly constituted of oleic, palmitic, palmitoleic, linoleic, myristic, eicosapentaenoic, and docosahexaenoic acids.
Among the fatty acids, the maximum amount of the polyunsaturated, monounsaturated, and saturated fatty acids were linoleic acid (8.16%), oleic acid (27.51%), and palmitic acid (17.31%), respectively.
The fatty acids composition of Kilka oil showed that the amount of EPA (6.35%) and DHA (5.89%) was marvelous. The fatty acids composition of the Kilka oil used in this study was by data reported in the literature (Frankel, Satué-Gracia, Meyer, & German, 2002) .
Furthermore, (EPA + DHA)/C16:0 ratio was 0.71 and the total content of PUFA and ω-3 fatty acids were 21.77 and 13.40%, respectively.
(
F I G U R E 2 Radical scavenging activities of gallic acid and methyl gallate, α-tocopherol, and BHT on DPPH, as measured by changes in absorbance at 517 nm The remarkable content of these fatty acids make Kilka oil as an important functional food. However, due to its high susceptibility to oxidation, antioxidants need to be added.
Mechanism of lipid oxidation in a noninhibited and inhibited kinetic regime (a sufficiently high oxygen concentration) is presented in Figure 3 . Adding an antioxidant into the lipid system causes modification in the process kinetics. In this study, the effect of the gallic acid, methyl gallate, α-tocopherol, and BHT in triacylglycerol's of Kilka oil relies on their molecules and their result radicals in a series of reactions (Scheme 1). In the following schemes, LH is the oxidizing lipid substrate, InH is the inhibitor, in˙ is the radical of antioxidant, and LOO˙ is the peroxide radical.
The attained parameters for gallic acid and methyl gallate (200, 400, 800, and 1,600 ppm) and 200 ppm of α-tocopherol and BHT, after processing the kinetic curves, are given in Table 4 . It can be seen that as the concentration of antioxidants raised, the efficacy enhanced because of chain termination of free radicals using interaction with peroxide radicals (reaction 7). The strength of antioxidants which specifies the chance of antioxidant moieties participating in other reactions, for example 7, 10, 11, 12, and 14, also increased in higher concentrations. Indeed, the possibility of occurring reactions 7-14 relies on the antioxidant structure, temperature, lipid medium, and other conditions of the oxidation process (Marinova & Yanishlieva, 2003) . As shown in Table 3 , the effectiveness, strength, and activity of gallic acid and methyl gallate were not significantly different, except 1,600 ppm of methyl gallate, which was remarkably higher than gallic acid. The activity (A parameter) of 200 ppm of experimented compounds decreased in the following order: gallic acid ~ methyl gallate > α-tocopherol > BHT. By comparing the order of antioxidants activity in oil with the DPPH radical scavenging activity, it is obvious that methyl gallate was almost as same effective as gallic acid, despite being less polar and radical scavenging activity.
Interactions between the methoxy group of methyl gallate and triglyceride molecular results in meaningful antioxidant activity in edible oil. Also, intramolecular interactions between the oxygen atom of the hydroxyl group and the hydrogen atoms of the methylene group of methyl gallate in the meta position of the gallate can increase the hydrogen donor ability and antioxidant activity of methyl gallate (Stöckmann, Schwarz, & Huynh-Ba, 2000) . Figure 4 shows dependency of the stabilization factor (F) on the concentrations of gallic acid and methyl gallate through oxidation of Kilka oil (at 60°C). As can be seen in Figure 4 , in lower concentrations, the effectiveness of gallic acid was basically as same as that of methyl gallate. However, at concentrations above 4 × 1,000 M methyl gallate were more efficient as compared with gallic acid.
Nonlinear dependence of the F with gallic acid and methyl gallate concentrations is attributed to the participation of their molecules in reactions other than the main reaction of chain termination (7), (Emanuel, Denisov, & Maizuss, 1965) :
where W i is the mean rate of inhibition during the induction period of the inhibited oxidation (M/s), ƒ is the stoichiometric coefficient of inhibition, which determines how many radicals perish in an inhibitor molecule, and K eff is the rate constant of antioxidant consumption in side reaction(s) of chain propagation (Marinova & Yanishlieva, 2003) .
The dependence of W InH on [InH] results for gallic acid and methyl gallate at 60°C showed linearity for n = 1 (Figure 5a ), which means that these two antioxidants only participate in one of the two side reactions of chain propagation (11 or 12). Indeed, reaction 11 is dependent on the hydroperoxide reactivity. So, the main side reaction in which the antioxidants in inhibited lipid oxidation participate (6) W ln H = W i ∕f + K eff [ ln H] n TA B L E 4 Kinetic parameters characterizing the inhibited lipid oxidation of purified Kilka oil at 60°C in PV˳ = 0 meq/kg, IP˳ = 1.60 hr, W˳ = 68.1 × 10 -9 M/S is reaction 11 (Marinova & Yanishlieva, 1996) . From the slope of the dependencies in Figure 5a , the rate constants of this side reaction were 40.256 × 10 -7 s −1 and 21.09 × 10 -7 s −1 for gallic acid and methyl gallate, respectively. Previous investigations on the antioxidative behavior of some phenolic acids in different lipid systems indicated In order to evaluate the participation of antioxidant radical ln˙ on chain propagation reactions, the following relations developed. The previous research showed that if ln˙ does not participate in chain propagation, this relationship is valid (Marinova & Yanishlieva, 1996) .
While if ln participates in one of the chain propagation (reaction 7, 10, and 14), this relationship is observed.
Processing of the results obtained from the dependence of the rate of inhibited oxidation W inh on the concentrations of gallic acid and methyl gallate (7) showed the relationship was valid (Figure 6a ). This means that the radicals of methyl gallate did not participate in any chain propagation. However, gallic acid indicated no linear dependence on both [InH] −1 and [InH] −0.5 , which showed that the radicals of gallic acid were included in more than one reaction of chain propagation (Figure 6b ). As a consequence, the stability of oil including gallic acid at 1,600 ppm is lower than oil contained methyl gallate. Moreover, based on (7) relationship for both antioxidants showed a good linear relationship at concentration lower than 800 ppm. It means that lower than 800 ppm, radicals of gallic acid and methyl gallate did not participate in chain propagation reactions. But at 1,600 ppm the mechanism became different.
| CON CLUS IONS
The results of the present study indicated that methylation of benzoic acid could change the kinetic mechanism of oxidation in Kilka oil. According to the kinetic parameters obtained for gallic acid and methyl gallate, there was observed no significant differences between the activity, effectiveness, and strength of these two antioxidants at 200-800 ppm concentrations, whereas at 1,600 ppm, methyl gallate acts better than gallic acid due to no participation in any propagation chain reactions. Moreover, comparison of the activity of gallic acid and methyl gallate with α-tocopherol and synthetic antioxidant (BHT) indicated that these two antioxidants have better potential to inhibit lipid oxidation in Kilka oil. So, they can be used as suitable alternatives to synthetic antioxidants.
ACK N OWLED G M ENTS
We are grateful to Ferdowsi University of Mashhad (FUM) and Sari Agricultural Sciences and Natural Resources University (SANRU).
CO N FLI C T O F I NTE R E S T
The authors have declared no conflict of interest.
E TH I C A L A PPROVA L
This study does not involve any human or animal testing. 
